I. INTRODUCTION
Due to the rapid development of science and technology, the requirement for accuracy is higher than ever before, thus precision positioning systems are widely used in many fields such as precision machining, semiconductor, biomedicine, aerospace, and so on. Various kinds of new actuators are developed by researchers to meet the high demand in precision positioning systems and the piezo-driven actuator is one of them. Since the first utilization of piezo-driven actuators, they are drawing more and more attention all over the word for the remarkable merits of high precision and rapid response in small sizes. According to their working principles, piezodriven actuators can be mainly classified into direct driving actuators [1] [2] [3] [4] [5] [6] and stepping driving actuators. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Direct driving actuators usually have a quick response and a large output force, but the working range is always limited within several tens of micrometers which is a big drawback of it. Stepping driving actuators are some actuators that can move step by step, large range motion can be realized easily and the size can be compacted in this way. But on the other hand, the output force and response speed could be small relatively.
The inchworm actuator 8, 9, 11, 14, 15 is one kind of biomimetic stepping driving actuators developed recent years by researchers who are inspired by the motion of nature inchworm. Inchworm actuators usually have three major components: two clamping units and one driving unit. With the help of clamping units and driving units, inchworm actuators can build up a theoretically unlimited range step by step without difficulties. In addition, the output capability can be generally larger when compared with other stepping driving actuators. However, structures of inchworm actuators are usually complex due to the need of at least three piezoelectric stacks which brings difficulties to the control systems at the same time. To utilize the advantages and overcome the drawbacks of inchworm actuators, a large number of researchers are working on it. a) Author to whom correspondence should be addressed. Electronic mail:
hwzhao@jlu.edu.cn
Nevertheless, most of the inchworm actuators focus on linear motion, reports on rotation inchworm actuators are rare. 9, 11 Other types of piezo-driven actuators about rotary motion are also rare and they still have their own disadvantages on the output force or the motion control, like stick-slip actuators 17, 18 and ultrasonic actuators. 19, 20 This paper proposes one piezo-driven inchworm actuator which can achieve large range rotation motion, and the needed working piezoelectric stacks are reduced, one clamping unit can be omitted with the help of flexure hinges. Hence, the structure of the designed actuator is simplified. The experimental tests indicate that the designed actuator can realize large range rotary motion with high resolution. This paper may have some significance for the application of inchworm actuators. Fig. 1 illustrates the structure of the proposed piezodriven inchworm actuator which is made up mainly by one stator, one rotor, four driving piezoelectric stacks, two clamping piezoelectric stacks, and six adjusting screws. The stator is the most significant part of the actuator and it contains driving flexure hinges and clamping flexure hinges which are manufactured by wire-electrode cutting method. To obtain good mechanical properties, the material of the stator is selected to 65 Mn. The diameter of the rotor is 20 mm. Adjusting screws are used to adjust the preload force for diving and clamping PZTs. All of the components are assembled together in special order.
II. CONFIGURATION AND THE MOVING PRINCIPLE
To obtain regular rotary motion, clamping PZTs and driving PZTs must work in certain sequence. The input voltages for PZTs are given in Fig. 2 . V 1 stands for the input voltage for driving PZTs and V e is the input voltage for clamping PZTs. All the input voltages are in the form of square waves. The motion process in one circle can be divided into four steps which are illustrated in Fig. 3 .
Step 1: from the time 0 to t 1 , driving PZT 1 and driving PZT 3 get charged, so they will push driving flexure hinges 1 and 3 to hold the rotor. Due to the special relative location of driving flexure hinges 1 and 3, they will produce one torque to make the rotor rotate for one small angle θ f in the clockwise direction, as is shown in Fig. 3 (a).
Step 2: during the time t 1 to t 2 , clamping PZTs 1 and 2 get charged to make the rotor held tightly by the clamping flexure hinge 1 and flexure hinge 2, together with driving flexure hinges 1 and 3.
Step 3: at the time t 2 , driving flexure hinges 1 and 3 return to the original location, but the rotor is still clamped tightly by clamping flexure hinges.
Step 4: from the time t 3 to t 4 , clamping PZTs 1 and 2 lose power as well, hence the rotor will be released which is shown in Fig. 3(d) .
By repeating steps (1)-(4), the designed piezo-driven inchworm actuator can realize theoretical unlimited range rotary motion step by step. Further more, reverse motion can be got if driving PZTs 2 and 4 get charged instead of driving PZTs 1 and 3. The moving velocity can be changed with different input voltages and driving frequencies. 
III. DESIGN AND ANALYSIS

A. Driving flexure hinge
Driving flexure hinges are the major parts to obtain regular inchworm motion, in order to simplify the structure of the designed actuator, the driving flexure hinges are in special triangle form, the geometric model of the driving flexure hinge is shown in Fig. 4 . When the driving PZT gets charged, it will push the driving flexure at point B, and then the driving flexure hinge will rotate around point O . Point A will clamp the rotor tightly and push the rotor to rotate for an angle θ f at the same time. In traditional inchworm actuators, one clamp unit and one driving unit are used to realize this function, nevertheless in this designed actuator it only needs one driving unit and there is no need for one more clamp unit. The stepping angle θ f can be got from the following equations according to the geometric calculation:
Here, C BB stands for the arc length between point B and B ; L O B is the length between O and B, β is the rotation angle of point B. Since angle β is rather small, C BB can be replaced by L PZT , the elongation of the driving PZT. Thus, Eq. (1) be changed into the following:
Because both point B and A are rotating around point O , so angle α and angle β are the same
The arc length between point A and A can be calculated from Eq. (4)
Here, the angle α and θ f are both small when compared with the length of L O A and L OA , so the following equations can be got:
From Eqs. (1) to (6), the stepping angle of the designed inchworm actuator can be given
In this paper, the value of L O A , L OA , and L O B are 0.03 m, 0.01 m, and 0.01 m, respectively. Thus, Eq. (7) can be changed into given as C 1 and C 2 . For the clamping units, they are K 3 , K 4 and C 3 , C 4 . At the following situation, the rotor moves in the clockwise direction. The Coulomb friction model is used to describe the friction force between the rotor and the driving and clamping units, and the value of static friction coefficient is μ s . F 1 is the force produced by the driving unit and it can be divided into F N1 in the radial direction and F R1 in the tangential direction. Dynamic equation for the rotor can be got as the following, according to Fig. 5 :
B. Dynamic model
Here, J is the rotational inertia of the rotor; R is the radius of the rotor; F R1 is the component force of F 1 in the tangential direction; F R2 is the component force of F 2 in the tangential direction; f 1 and f 2 stand for the friction force between the rotor and the driving units; f 3 and f 4 are the fiction force between the rotor and the clamping units.
Due to the symmetrical structure, some parameters can be got from the following equations:
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew. F 1 and F 2 are caused by the driving piezo-stacks, the designed actuator mainly works under the frequency that is higher than 1 Hz and to simplify the calculation, here the piezo-stacks are taken as the ideal ones whose creep and hysteresis are neglected, therefore the force F 1 and F 2 can be changed into the following equations approximately:
Here, D is the electromechanical transformer ratio of the used piezo-stacks; u 1 (t) is the input voltage V 1 for driving PZTs, as is shown in Fig. 2 ; u 3 (t) is the input voltage V e for clamping PZTs; V max is the maximum voltage of input signals; T is the periodic time for input signals; t is the value of time. From Eqs. (10) to (22), the dynamic equation (9) can be turned into the following one:
IV. EXPERIMENTS
A prototype was manufactured and a series of experiments were taken to test the significant working properties of the proposed piezo-driven inchworm actuator.
A. Experiment system
The established experimental system for the proposed inchworm rotary actuator is illustrated in Fig. 6 . One signal controller from the company Delta Tau is used to produce the input voltage signals and then the input signals will be amplified by the signal amplifier, the signals out of the signal amplifier will be in the needed form to drive piezo-stacks. A laser sensor from Keyence Company whose resolution is 10 nm is utilized to measure the displacement of the rotor. Due to the reason that the displacement is too small, the linear displacement measured by the sensor can be taken as the arc length approximately. The piezo-stacks from the company Tokin are in the same type of AE0505D16 whose size is 5 × 5 × 20 mm and when the input voltage is 100 V, the elongation of it is about 11 ± 2 μm, the largest output force is 850 N. All of the data are gathered and managed by an industrial personal computer (IPC). Fig. 7 shows the experimental performances of the designed inchworm actuator when the given driving voltages are 100 V and 50 V, the working frequency is 1 Hz. The designed actuator works stably, even though there is a "jump" in the middle of each step which may be caused by the impact when the clamping flexure hinges get in touch with the rotor. Experiments under other driving voltages are also taken and some data can be got from Fig. 8 . The inchworm actuator can move in a regular step form in this situation, the rotation range can be theoretical unlimited when the actuator moves step by step.
B. Performances
The influence factors to the step angle such as the driving voltage, driving frequency, and the output torque are also discussed in this paper. Fig. 8(a) gives the relationship between the step angle and the driving voltage, it can be seen that the step angle increases when the input driving voltage goes up from 20 V to 100 V. The largest step angle is 1360 μrad under a constant driving and clamping voltage 100 V and a constant working frequency 1 Hz; and when the driving voltage goes down to be below 20 V, the designed actuator can not move stably, so the minimum step angle (the resolution) is 25 μrad. On the contrary, the step angle drops down quickly while the working frequency rises up from 0 to 200 Hz and after that it changes little, which can be got from Fig. 8(b) . To study this phenomenon, the elongations of the used piezo-stack under different driving frequencies are tested (non-load). The experiment data show that the elongation of AE0505D16 decreases while the driving frequency increases. When the driving voltage is 100 V and the frequency is 1 Hz, the elongation is 13.45 μm, when the frequency increases to 100 Hz, the elongation is only 7.72 μm, and it falls down to 1.56 μm when the driving frequency goes up to 500 Hz. Thus, we suppose this phenomenon is caused by the reason that the piezo-stacks' elongation falls down while the driving frequency gets high.
A method using standard weights is taken to test the relationship between the step angle and the output torque. A testing pole was placed on the rotor, and the stand weight is towed to it by one copper wire, thus the output torque can be got by measuring the stand weights. The results of output torque tests indicate that the step angle becomes small as the output force increases, which is illustrated in Fig. 8(c) . The maximum output torque is 19.6 N mm when the driving and clamping voltage are both 100 V and the frequency is 1 Hz. When the output load is larger than 19.6 N mm, the designed inchworm cannot work regularly. The moving speed is also a significant performance parameter for piezo-driven actuators, in this article the moving speed can be got from the following equation:
Here, V stands for the moving speed (μrad/s); f is the working frequency (Hz); θ f is the step angle of the designed inchworm actuator (μrad). The moving speed with a constant driving and clamping voltages 100 V is given in Fig. 9 . When the working frequency goes up from 0 to 100 Hz, the moving speed rises up rapidly and after the frequency touches 150 Hz, the moving speed drops down. It can be measured that the maximum moving speed is 71 300 μrad/s while the driving and clamping voltages are 100 V and the working frequency is 150 Hz.
V. CONCLUSIONS
A piezo-driven inchworm actuator was designed, manufactured, and tested in this paper. With the help of six piezostacks and flexure hinges, this actuator can realize rotation motion with large ranges in both forward and backward direction. The working principle and structure were discussed, the special structure of the driving flexure hinge was illustrated and calculated as well. To test the output characteristics, a serious of experiments were taken. The experimental data suggest that the maximum rotation speed is 71 300 μrad/s when the working voltage is 100 V and the working frequency is 150 Hz; the step angle varies with the factors such as the driving voltage, the driving frequency, and the output load, the minimum step angle is 25 μrad and the maximum step angle is 1360 μrad; the largest output torque is 19.6 N mm. The test results confirm that the proposed inchworm actuator can be successfully applied to get rotation motion with high resolution and high motion speed. More researches will be done to simplify the whole dimension of it and improve the output performance.
